In this era of genomics, transcriptomics, and proteomics, metabolomics is emerging as an important component of the omics evolution ( 1 ). Of the four kinds of biological molecules that comprise the human body, i.e., nucleic acids, amino acids (proteins), carbohydrates (sugars), and lipids (fats), lipids stand out among the various cellular metabolites in the sheer number of distinct molecular species. Using state-of-the-art lipidomics approaches made possible by newly developed instrumentation, protocols, and bioinformatics tools ( 2 ), the LIPID MAPS Consortium Abstract The focus of the present study was to defi ne the human plasma lipidome and to establish novel analytical methodologies to quantify the large spectrum of plasma lipids. Partial lipid analysis is now a regular part of every patient's blood test and physicians readily and regularly prescribe drugs that alter the levels of major plasma lipids such as cholesterol and triglycerides. Plasma contains many thousands of distinct lipid molecular species that fall into six main categories including fatty acyls, glycerolipids, glycerophospholipids, sphingolipids, sterols, and prenols. The physiological contributions of these diverse lipids and how their levels change in response to therapy remain largely unknown. As a fi rst step toward answering these questions, we provide herein an in-depth lipidomics analysis of a pooled human plasma obtained from healthy individuals after overnight fasting and with a gender balance and an ethnic distribution that is representative of the US population. In total, we quantitatively assessed the levels of over 500 distinct molecular species distributed among the main lipid categories. As more information is obtained regarding the roles of individual lipids in health and disease, it seems likely that future blood tests will include an ever increasing number of these lipid molecules. -Quehenberger, O., A.
Several simplifying assumptions were necessary to generate the data in the molecular detail presented throughout this study. First, only a small number of isotope-labeled internal and reference standards are available for mass spectrometry-based quantitative analyses for the most abundant lipids in plasma, i.e., cholesteryl esters, triglycerides, and glycerophospholipids. Therefore, we assumed that the behavior of these standards with respect to extraction and mass spectrometry was representative for each class of abundant lipid. Second, for the triglycerides and glycerophospholipids, isobaric (same molecular weight) molecular species exist, which further confounds precise quantitation. We realize that these simplifying assumptions may have introduced errors into the accuracy with respect to absolute quantitation for each lipid species. Nonetheless, the total values obtained for individual lipid classes are similar to those measured by techniques that disregard molecular species identity. The information provided in the supplementary tables thus provides an accurate picture of the relative amounts of unique lipid molecular species in the NIST plasma sample. When using the data as a reference, one should keep in mind that the plasma samples were kept frozen for some time during the collection effort. Although every precaution was taken to minimize the effects of storage and thawing on the integrity of the sample, some oxidation or hydrolysis of lipids cannot be entirely ruled out. Physical strain imposed during the process of blood drawing may lead to the activation of leukocytes and induce the formation of metabolites of the arachidonic acid cascade. This may potentially contribute to the amount of eicosanoids that were measured in the plasma samples. Leukocyte activation is of particular concern when hemolysis occurs; therefore, all individual plasma samples that displayed visible indications of hemolysis were discarded and not included to generate the pool of the plasma SRM.
Fatty acyls
Although free fatty acids represent only a small fraction of total fatty acids in plasma, they represent a highly metabolically active lipid class. Adipose tissue is the main source of plasma free fatty acids, which have a distribution that is closely related to the fatty acid composition of the diet ( 7 ) . Under normal conditions the release of fatty acids from adipose tissue is tightly regulated to meet the energy demands of tissues; however, in several metabolic disorders this homeostasis is compromised and shifts toward increased lipolysis leading to the release of excess free fatty acids relative to tissue needs. As shown in Table 1 and supplementary Table IA , human plasma of healthy individuals after overnight fasting contains an average of 214 nmol/ ml of free fatty acids. Oleic acid (18:1) is the major constituent followed by palmitic acid (16:0) and stearic acid (18:0) (supplementary Table IA ). Together, these three species comprise about 78% of all free fatty acids in the circulation. Linoleic acid (18:2) and arachidonic acid (20:4) are the main PUFAs (about 8% of the total), but the nutritionally essential ␣ -linolenic acid (18:3 -3), eicosapentaenoic acid (20:5, EPA), and docosahexaenoic acid is carrying out comprehensive analyses of the mammalian lipidome ( 3 ) . As an emerging 'omics' fi eld, lipidomics provides a powerful approach to understanding lipid biology ( 4 ) .
The National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) in collaboration with the National Institute of Standards (NIST) recently produced a human plasma standard reference material (SRM 1950) for metabolite analysis. The SRM was prepared by obtaining plasma samples from 100 individuals between 40 and 50 years of age, whose ethnicity was representative of the US population and that included an equal number of men and women. The intent of the NIDDK/NIST project was to provide a reference material that would be publically available to researchers and that could be used by the clinical chemistry community to identify plasma metabolites for diagnostic purposes. 3 Signature metabolites could then be further probed for their usefulness as disease biomarkers.
The LIPID MAPS Consortium has developed innovative lipidomics techniques based on liquid chromatography coupled to mass spectroscopy to probe biological systems ( 3 ) and has undertaken the task of analyzing the NIDDK/ NIST SRM by systematically identifying and quantifying the lipid molecular species of the mammalian lipidome ( 5, 6 ). We report here for the fi rst time an in-depth lipid profi le of human plasma that reveals the enormous structural diversity of lipids comprising the six major lipid categories as defi ned by LIPID MAPS. 4 Lipidomics analysis of the sample was challenging due to the extremely large number of lipid species in human plasma and the analytical complexity of the molecular species present. Nevertheless, we report the quantitative levels of over 500 different lipid molecular species present in this human reference plasma sample.
EXPERIMENTAL PROCEDURES
Experimental details are provided online as supplemental material.
RESULTS AND DISCUSSION

Plasma lipid distribution by category
The results are presented and discussed below for each main lipid category and the diversity of lipid molecular species is summarized in Fig. 1 . The most number of lipid molecular species analyzed was for the sphingolipid category but the sterols, including cholesterol and its esters, were the most abundant of the lipids on a molar basis (nmol/ml) followed by triglycerides, glycerophospholipids, free fatty acyls, sphingolipids, diacylglycerols, and prenols, though on a weight basis (mg/dl) the glycerophospholipids were the most abundant, as shown in eicosatetraenoic acid (5-HETE) and 12-HETE, and of linoleic acid, 9-hydroxy-octadecadienoic acid (9-HODE) and 13-HODE, were the major metabolites of the LOX pathway detected in the sample. In fact, the 5-LOX product 5-HETE represented the single most prominent eicosanoid found in the SRM. We also identifi ed some prominent metabolites derived from the CYP pathway including 12,13-dihydroxy-octadec-9-enoic acid (12,13 DiHOME), which is produced by the action of epoxide hydrolase from the corresponding 12,13 epoxide of linoleic acid, the epoxide 14,15-epoxy-5,8,11-eicosatrienoic acid (14,15 EpETrE) formed from arachidonic acid and the corresponding vicinal diol 14,15-dihydroxy-5,8,11-eicosatrienoic acid (14, 15 DiHETrE) . Some autoxidation products were also detected. Interestingly, the majority of these lipid peroxidation products are derived from DHA, even though this 22:6 fatty acid represents a minor fraction of all free PUFAs in the plasma.
Glycerolipids
Glycerolipids encompassed a high proportion of total lipids present in plasma. Of these, the most abundant members were triacylglycerols (TAGs), which were present at a concentration of 1.1 µmol/ml (90.6 mg/dl) in the (22:6, DHA) are also present at signifi cant levels, together making up about 1% of all free fatty acids.
Eicosanoids are a class of bioactive lipid mediators that are derived from the metabolism of arachidonic acid or related PUFAs ( 8 ) . Three classes of enzymes including cyclooxygenases (COX-1 and COX-2), lipoxygenases (LOXs), and cytochrome P450 epoxygenases (CYPs) synthesize eicosanoids ( 9 ) . In addition, PUFAs can undergo autoxidation to produce bioactive lipids through a nonenzymatic pathway. PUFA metabolites derived from all three enzymatic pathways and through autoxidation and lipid peroxidation were detected in the SRM ( Table 1 and supplementary Table IB ). Typically, eicosanoids have a short half-life and undergo further enzymatic or nonenzymatic modifi cations that are often accompanied by a change of pharmacological potency. Notably, 15deoxy ⌬ 12,14 PGD 2 (15d PGD 2 ), a degradation product of prostaglandin D 2 (PGD 2 ), was one of the major COX metabolites found in the human plasma sample. The formation of 15d PGD 2 is of particular interest because, like 15deoxy ⌬ 12,14 PGJ 2 (15d PGJ 2 ), this eicosanoid robustly stimulates peroxisome proliferator-activated receptor-␥ activity, which has been implicated in the regulation of infl ammatory responses. The hydroxylated products of arachidonic acid, 5-hydroxy- and distinct molecular species to over seven. Applying chromatographic retention times and considering all isobaric species, it was possible to detect over 200 individual molecular species of TAGs in the plasma sample (supplementary Table IIA ). In addition, several ether-linked glycerolipids were detected as alkylether triacylglycerols (ether 50:3, ether 50:2, ether 52:4, ether 52:3, ether 54:6, ether 54:5, and ether 54:4). Diacylglycerols (DAGs) were also present in the plasma sample but at substantially lower levels. Both 1,2-DAGs (supplementary Table IIB ) and 1,3-DAGs (supplementary Table IIC) were quantifi ed and found to contain between 30 and 40 total acyl carbon atoms esterifi ed to the glycerol backbone. 1,2-DAGs were about three times as abundant as 1,3-DAGs in this sample.
Glycerophospholipids
Over 200 species of glycerophospholipids were detected and identifi ed in the plasma SRM. Due to the presence of isobaric species with the same m/z, out of all species identifi ed, 158 glycerophosphate (PA), glycerophosphocholine (PC), glycerophosphoethanolamine (PE), glycerophosphoglycerol (PG), glycerophosphoinositol (PI), and glycerophosphoserine (PS) species were quantifi ed and are summarized in Table 1 . The composition by subclass and quantities of individual glycerophospholipid species are reported in supplementary Table IIIA . By mass, the overwhelming majority of glycerophospholipids in human plasma are PCs and PEs. These two classes were also found to contain substantial amounts of ether-linked lipids (PEe/ p = 43% of PE by mass; PCe/p = 5.4% of PC by mass; e designates the plasmanyl and p designates the plasmenyl analogues of glycerophospholipids). The amount of total glycerophospholipid is similar to that previously reported using different analytical approaches ( 11, 12 ) .
In eukaryotes, the polyglycerophospholipid cardiolipin is synthesized and localized in the mitochondrion ( 13, 14 ) particularly the inner mitochondrial membrane ( 15 ) . As plasma is free of cells and subcellular organelles like mitochondria, cardiolipin was not detected. The limit of detection of plasma cardiolipin was found to be 4 nM using synthetic cardiolipin standards.
Evidence for the existence of N-acylphosphatidylserine ( N -acyl-PS) was fi rst reported by Nelson in 1970 in sheep erythrocytes ( 16 ) . As part of the LIPID MAPS consortium's search for novel lipids, Guan et al. ( 17 ) in 2007 reported the identifi cation of a family of N -acyl-PS molecules present in mouse and pig brain, yeast, and mouse RAW264.7 macrophage tumor cells. The role of N -acyl-PS in animal cells was not investigated, but it was proposed that N -acyl-PS may function as a precursor of the bioactive signaling lipid N -acyl-L-serine ( 17 ) . Building on this work, we probed the human plasma SRM for the presence of the two most abundant ions of N-acyl-PS previously detected, i.e., 58:1 and 60:2, named for the number of carbons and double bonds each contains. Both ions containing a complex mixture of isobaric species were detected, with 58:1 making up 83% of the total N-acyl-PS detected (supplementary Table IIIB ). plasma SRM ( Table 1 ). The absolute concentration of TAGs is dependent on food intake because the synthesis and packaging of TAG into lipoprotein particles (chiefl y chylomicrons and very low density lipoprotein) is the major mechanism by which these lipids are distributed to tissues in the body. We found that about 50% of all TAGs had a total of 52 fatty acyl carbon atoms and that most fatty acyl groups had multiple double bonds. Although the analysis of TAGs did not allow defi nition of all molecular species, previous studies have revealed that each molecular subset (e.g., 52:3 TAG) is a complex mixture of multiple isobaric entities ( 10 ) . * Sterols in plasma (nmol/ml) were determined as described in the supplementary experimental procedures. Weight calculations (mg/dl) were based on the sterol backbone for sterol esters. Additionally, total sterols were also measured by clinical laboratories following procedures certifi ed by the Center for Disease Control and they reported similar plasma levels, though they are lower than the national average (National Health and Nutrition Examination Survey [2003] [2004] [2005] [2006] of double bonds), there were smaller amounts of other chain lengths (d16:1 to d19:1). A similar profi le has been seen in other studies (33) (34) (35) (36) , although the amounts vary by several fold, which might be due to differences in diet, timing of collection, or storage of the sample.
Sterol lipids
Sterols in plasma exist in both free and fatty-acyl esterifi ed forms. For quantifi cation of total (esterifi ed and free) sterols, plasma was subjected to base hydrolysis, extracted with organic solvent, and sterols were partially purifi ed by solid-phase extraction (37) (38) (39) . Fourteen different sterols of endogenous and exogenous sources (diet) were detected at concentrations spanning fi ve orders of magnitude (supplementary Table VA ). Cholesterol was the most abundant sterol at 3.76 µmol/ml (145 mg/dl) followed by several sterol intermediates arising from the cholesterol biosynthetic pathway, including lathosterol, desmosterol, and 7-dehydrocholesterol, which were present at concentrations ranging from ‫ف‬ 2 to 6 nmol/ml. Two plant sterols derived from the diet, campesterol and sitosterol, were also within this range. Oxysterols, which are derivatives of cholesterol with an extra hydroxyl group on the side chain or ring structures, and the biosynthetic intermediate lanosterol, were the least abundant sterols at 0.02-0.5 nmol/ml.
Free sterols were extracted and isolated using similar methods ( 37-39 ) but without the base hydrolysis step (supplementary Table VB ). Cholesterol again was the most abundant free sterol at 0.82 µmol/ml. Lathosterol and desmosterol, both intermediates in cholesterol biosynthesis, were present at ‫ف‬ 1-2.5 nmol/ml. Another biosynthetic intermediate, 7-dehydrocholesterol, was not detected as a free sterol. The diet-derived sterols, campesterol and sitosterol, were detected at ‫ف‬ 1nmol/ml. Free oxysterol levels ranged between ‫ف‬ 0.001 and 0.01nmol/ml. Depending on the sterol, between 2 and 45% were present in free form; 22% of cholesterol was found in the free form. An aliquot of the NIDDK/NIST reference plasma was also submitted for total (esterifi ed and free) cholesterol measurement using a colorimetric assay-based clinical instrument, which returned an average value of 3.86 µmol/ml. This concentration is consistent with the mass spectrometry-based measurement of 3.76 µmol/ml.
We also quantifi ed cholesteryl esters (CEs) without prior hydrolysis and found that at 3.6 µmol/l (230 mg/dl), the neutral CEs represented the single most abundant lipid class in this human plasma sample. The complexity of molecular species was far less than that observed in other neutral lipids such as TAGs and DAGs in that a single molecular species, 18:2 CE, comprised over 50% of this class (supplementary Table VC ). Also, 20:4 CE was a major component (6.9% mol fraction of total CE). Considering the absolute concentration of these polyunsaturated CE species in plasma, it is likely that a majority of arachidonate found in cells is delivered directly as 20:4 CE or is made from 18:2 CE. Subtracting the value of free cholesterol measured in the plasma SRM from the total cholesterol value (supplementary Tables VA, B) yields a predicted value of 2.94 µmol/ml for the CE content of the sample. This value is
Sphingolipids
We identifi ed over 200 individual sphingolipids in the human plasma SRM. These results are summarized in Table 1 and levels of subspecies are shown in supplementary Table IV . Sphingomyelins (SM) accounted for the largest fraction of sphingolipids in plasma, and ‫ف‬ 100 subspecies were suffi ciently abundant for their amounts to be estimated (supplementary Table IV ). This number is about twice that of previous estimates of plasma SM subspecies (18) (19) (20) (21) . Sphingosine was the most common sphingoid base, accounting for ‫ف‬ 61% of the total, followed by sphingadiene (18%) and sphinganine (9.5%); the remainder had other even-and odd-chain lengths, with the 16-carbonchain length sphingosine accounting for ‫ف‬ 10%. The fatty acids of SM ranged in chain length from 13 to 28 carbons, of which over half were saturated (with 16:0 comprising about one-third of all SM subspecies), about 20% were monounsaturated (the most prevalent being 24:1), and there were small amounts of fatty acids with two (about 3%) and three (<1%) double bonds. Our approaches would not have detected 3-O-acyl-SM, which has been reported in trace amounts ( 22 ) , because the acyl-group would be hydrolyzed during extraction ( 23 ) . These proportions are likely to vary among individuals because diet can affect the types and amounts of SM in plasma (24) (25) (26) .
The majority of the ceramide monohexoses (CMHs) also had sphingosine as the most prevalent sphingoid base and fatty acid chain lengths ranging from 14 to 26 carbons, but fewer subspecies were quantifi ed because the amounts were much lower than SM ( ‫ف‬ 1%). The major backbone subspecies were similar to SM except that the proportion of very-long-chain fatty acids is higher for CMH (supplementary Table IV ). The CMH of human plasma was comprised of both glucosyl-(GlcCer) and galactosylceramides (GalCer), as has been reported before (27) (28) (29) , with higher proportions of GlcCer. More complex glycosphingolipids such as lactosylceramide were also detected but these were not quantifi ed because the internal standards are not yet available.
Plasma contained small amounts of free ceramide (4% of SM) with approximately the same spectrum of subspecies as were seen in SM and CMH, although many of the minor subspecies were present in amounts too low for quantitation (supplementary Table IV) . A noteworthy feature of the free ceramides was that the fatty acid distribution differed substantially from that seen in SM or CMH with very little palmitic acid ( ‫ف‬ 5%) compared with the very-long-chain fatty acids (i.e., 24:0, ‫ف‬ 33%, and 24:1, ‫ف‬ 12%). A similar distinction has been reported in other analyses of human plasma ( 30, 31 ) . The N-acyl-derivatives of two novel categories of ceramides with 1-deoxy-and 1-(desoxymethyl)-sphingoid base backbones were also detected but not quantifi ed ( 32 ) .
Free sphingoid bases were found in the human plasma SRM, with sphingosine 1-phosphate as the major species, followed by lower amounts of sphingosine, sphinganine, and sphinganine 1-phosphate. In addition to d18:1 sphingosine 1-phosphate (d indicates the presence of two hydroxyl groups, followed by the chain length and number by guest, on October 13, 2017 www.jlr.org Downloaded from .html fractions) and sporadically vitamin D has been considered an integral component of medical diagnosis and treatment for some time. Indeed, it is now well established that intracellular lipid metabolism is dramatically perturbed in numerous metabolic diseases that have genetic and/or dietary and nutritional as well as life style origins and may have implications for the treatment of metabolic diseases including Type 2 diabetes and cardiovascular disease as well as au toimmune disorders including rheumatoid arthritis, neurodegenerative diseases, kidney and liver disorders, and numerous other lipodystrophys. The causal link between lipids and these various disorders has brought about an increasing comprehension of the diverse functions of lipids in many cellular metabolic pathways. Aside from their role as building blocks of membranes of cells and organelles and as energy storage entities, lipids perform important functions in signaling and metabolic regulation. Their diversity in function is refl ected by an enormous variation in structure; however, restraints imposed by previously available analytical procedures have limited the number of lipid species that could be reliably assessed in clinical laboratories. Typical blood tests include total triglycerides and cholesterol, but as we report here, it is now technically feasible to quantify human plasma lipids with a much greater depth and accuracy. The amazing complexity of the human plasma lipidome establishes it as a rich source of molecules that can be evaluated for the clues that they provide about human physiology, nutrition, and disease. Analysis of a patient's plasma lipidome will in the future of clinical medicine provide a valuable approach for detecting and monitoring human diseases and their treatment effi cacy.
smaller than the CE content determined directly (3.6 µmol/ml). We believe that the smaller value of 2.94 µmol/ ml is more correct and that the difference arises from the use of a single internal standard ( 13 C18:1 CE) to estimate the quantities of all CE species as opposed to using multiple sterol standards that more accurately refl ect recovery and chromatographic behavior of individual sterols. Should it become important to measure individual CE species with greater accuracy in the future, appropriate standards will be developed.
Prenol lipids
Prenol lipids are synthesized from fi ve carbon isoprene units. Two classes of prenol lipids were included in this analysis, dolichols and ubiquinones ( Table 1 ) . Dolichols are a group of ␣ -saturated polyprenols, with the number of isoprene repeats typically varying from 14 to 24 ( 40 ) . Changes in serum and plasma dolichol levels may have clinical signifi cance ( 40, 41 ) and have been shown to increase in a number of human diseases ( 40, 42 ) . Free dolichols consisting of 16-20 isoprenoid units were detected in the human plasma SRM (supplementary Table  VIA ). Consistent with previous reports ( 40, 42 ) , dolichol-19 was the most abundant species, making up 53% of the total free dolichol detected. A total of 25.1 pmol/ml of free dolichol was detected in the human plasma SRM, comparable to previously published plasma levels ( 43 ) .
Ubiquinones are a group of 1,4-benzoquinones modifi ed with repeating isoprene units. The number of isoprene repeats varies among organisms, with yeast and bacteria possessing 6, 7, and 8 repeats (CoQ 6 , CoQ 7 , and CoQ 8 , respectively) and rats, mice, and humans possessing 9 and 10 repeats (CoQ 9 and CoQ 10 , respectively) ( 44 ) . Our analysis of human plasma SRM focused on CoQ 9 and CoQ 10 , which are essential components of the mitochondrial electron transfer chain and thus required for ATP synthesis. Clinical evidence suggests that CoQ 9 and CoQ 10 also possess cardioprotective properties, preventing ischemic damage to heart tissue and reducing ventricular dysfunction and cardiac arrhythmias associated with heart failure and acute myocardial infarction (44) (45) (46) . Because the biosynthesis of CoQ is dependent upon the availability of farnesyl pyrophosphate produced by the mevalonate pathway, inhibition of the rate-limiting enzyme in this pathway, HMG-CoA reductase, by the cholesterol lowering statin drugs may lead to reductions in serum CoQ levels ( 46, 47 ) . Both CoQ 9 and CoQ 10 were detected in the human plasma SRM samples (supplementary Table VIB) . Consistent with previous reports ( 44, 46, 47 ) , CoQ 10 was the more abundant of the two ubiquinones, making up 94% of the total plasma CoQ. A total of 4.6 µmol/l of plasma ubiquinone was detected, slightly higher than previously published values ( 43, 47, 48 ) .
CONCLUSION
The analysis of just two main plasma lipids (triglycerides and cholesterol, the latter in both the LDL and HDL sub- Supplemental Material can be found at:
